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NATIONAL ADVISORY COMMITTERE FOR AERONAUTICS
ADVANCE RESTRICTED REPORT

MEBASUREMENT OF FREE WATER IN CLOUD UNDER
CONDITIONS OF ICING

By J. E. Hardy*
SUMMARY

Measurements have been made, in flight, of the concen-—
tration of free water present in clouds under conditilons of
icing. Those show the bdeneficial effect of kinetic heating
in reducing the severity of those conditlons, and permit the
functioning of the thermal system for protecting airplanes
agalnat 1ce to be analyszed.

The concentratlion nf free water 1s deduced from measure—
ments of the humidity of the air after the water had been
vaporized.

INTRODUCTION

A defeot in all the tests of the protective equipment
of airplanes under conditions of icing, so far reported, 1s
that the physical characteristics of the conditlons of icing
have not been specified. In the case of the thermal syst.m
of protection, this defect hes retarded development, since
it has not been possidle to analyze the performance of the
system under conditions of 1cing. The defect has boen remedied,
in part et least, in teate in icing conditions ef a C—46 air-—
Plane which had been equipped by the Ames Aeronauticel Labo—
ratory with a thermal ice—prevention system (reference 1).

*This report was propared by Mr, Hardy in collaboration
with tho staff of the Ames Laboratory during a period of ac—
tive participation by Mr. Eardy in the NACA icing research
program.
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The physical conditions of icing are specified by the
temperature of the air, the concentration of free water,
and the slze of droplet present in the cloud. The measure—
ments, which have been made in the (—46 airplane servo to
determine both temperature and the concentration of free
water, The size of drop has not been measured, dut this ap—-
pears 0o be of secondary importance.

The concentration of free water was determined indi-
rectly, Dy moasuring the temperature of the dew point cf the
air after the free water had been vaporized, and by taking
such othor meansurements as served to determine the static
temperaturo of the alr prior to heating. In the absence of
speclal apparatus, 1t was necessary to use air from the main
duct of tho thormal system. The objection to this was real-
ized fully: nanocly,. that tho concentration of freec water
might be affocted seriouesly by deflection of the droplets
before vaporisation. Vaporization occurs in the main ex—
changer on the exhaust of the engine. It was thought, how—
ever, that the measurements would be valuable in giving a
comnparative measure of the severity of the conditions of
icing. There 1ls, In fact, evidence to show that the con-
contration of free water, present in the air before dis—
turbance, is given with much groater accuracy than was
anticlipated.

The moasuromout of the conccatration of free water 1is
the sudbject of tho presont rcport. The analysls of the por—
formance of the thermal system of protectlion, made possibdble
by those moasurements, is thc subjJect of a separate report
(reference 2). Dotails of most of the flights roferred to
by numbors in this report will be found i1n rcferonce 3. The
neasuremonts woro made in the vicinity of Minnoapolis, Minnm.

METHOD OF MEASUREMENT

Humldity

The hunidity of the air in tho main duct was measured.
This duct carries alr, at a tomporaturv of about 350° F,
fron the heet oxchangers on the inboard eldo of the englnes
to tho omponnago. A sample of the alr 1s taken through a
3 /8~inch—diauoter motal tube to & dew—point instrument. The
tube, which 1s about 6 feet long, is at a temperature some
20° F above tkat of a highest recorded temperature of the dew
point so that there 1s no risk that water was condensed.
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Tho dow—polnt instrument 1s of the automatlcec type de—
gcribod in reference 4. As an automatic instrument it had
dofocts, It was used practically as & hand-operatod instru—
nent by settlng the grid bias to glve an oscillation in tom—
porature of the mirror of 1° ¥, or so, above that of the dew
polint. Thoe temperaturo of the mirror, as registered by a
thermocouple soldered to the surface, was neasured in terns
of the defloction of a millivoltmeter. The cold Junction of
the thernocouple was innersad in & nixture of ice and wator.

Alr Tenperature

The tonperature of the air outside the cebin was neas—
ured by & nercury—in—glass thernoneter. Thig is nounted
outside the window next the dow—point instrunent 6 inches
fron the side of the fuselage. The stem 1lg nounted fore or
aft, and the buldb, at the downstrean end, has a double con-—
centric soreon against solar radiation coneisting of tubes
7/8 inch and 9/16 inch in dianeter, 3 1rches long. The
outer tubo 1s extended so as to support the stem of the
thernmoaoter. The ends of both tubes are open. Tho aount—
ing is shown in figure 1.

Procedure

The procoduro adopted wne as follows: The nailrror of
the dow-polnt instrunmcnt wns cleared, with the bdblas set to
glve full heat. The bilas was thon reduced slowly until the
condition, already mentionod, of slight 1lnatadbllity adbout
the tonporaturc of the dew poirt was obtained. This wes
choecked by 1ifting the 1id Just enough to observe the nirror.
The tenperature of the nirror was then recorded and, ms
quickly ns possidble, the temperaturc of tho outside alr,
helght, and airspeod wore recordod in thils sequonce. The
bias would bo trinned ae requircd 3o sult changy in dew
point. Tho cloaning of the nirror was ropeated only as was
necessnry.

METHOD OF CALCULATION

Concentration of Water

If the agueous vapor pressure in the air is known, both
in the undigturbed stnte o9 with free water present, and
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in the duct o0, whoen tke froe water has been vaporized, the
-anount of free water 1s given by the equation

Q. —~
n = 0.622 —lzfﬂl (1)

whore p 1s the local berometric preassure, and n 1a glvon
in nass of water per unit mass of alr in any units. The
quantity which is significant in deternining the rate of
precipitation of water on parts of an airplane 1s the weight
of freo water per unit volune of air. This quantity, in
grans por cublc meter, 1s given by the equation

o = 1216 n & (2)
pf)

in whichk o/p, 1s the density of the air, locally, rela-
tive to that at standard temperaturo and prossure (59° F,
29.92 in. Hg). Those equatione nre derived from the "gas
equation"; derivation 1s given in the standard textbooks.

The velue of e, 1s the vapor pressure, at satura—

tion, at the temperature of the dew point of the alr in the
duct. The values glven in the Smithsonian Physical Tables
(1934 edition) have been used for all the calculations.

Tho value of e,, the vapor pressure of tho air in

tho cloud in the undlsturbed state, cannot be measured
direct, A saomple of mir, at rest roelative to the airplane,
has been subjccted to kinetic hecating, 1n which process
water, in consldorable quantity, pesses from the ligquid to
the vapor phasci bthis may be seen from the example given
later. It must be presumed, therefore, that the air in tl:3
cloud is saturstod. The possible doparture from this con—
dition, eithor in the direction of gupersaturation by reason
of the smallness of tho drops, or unsaturation from dis-—
gsolved gubstances, 1g relatively small. The real uncer—
tainty 1s the truo static temperature of the air.

Static Temperature of Air
The rise in temperature from kinetic heating has been

calculated, on the assumption that full saturastion is main—
talned whenovor thore 1s sufficlent free water to fulfill
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thie condition (1.e., whenever the temperature of dew point
of the hot air in the duct exceeds that reglstered by the
thormomotor outside the fuselage). In this case, the theo—

retical rise in temperature for wet alr, in degrees Fahren—
heit, 1is

8
c
v
At = 1.77 =2 ([ Y. 3
Cp, \100 (3)

V 1a the true speed in miles per hour, and Ccp and Cpy

are spocific hoats of dry air and wet air, respectively.
The value of cP' ig taken from the table in reference 6.

In casos whoen thore 1is insufficlient water for saturation

to be maintained and the vapor becomes superheated, the cor-
rect value of At could be found by trial end error. The
procedure adoptocd has been to calculate the values of A%
both for dry nnd for wet air, and to proportion the d4dilffer—
ence 1n torms of the temperature of the dew polnt thus,

ta—td
at

At = Aty + (At g — Aty)
where
ta tho temperature of the air observed
ta the temperaturc of tho dow point
Aty tho effective temporature rise for wot alr

Aty tho effoctive tomperature rise for clear alilr

The value of At on the right side of the equation is esti~—
mated. The method is approximate but sufficlently accurate.

The value of At 1in clear air, in degrees Fahrenheit,
is .

8
v
At = 1.77 <IGG (4)

The value of At given by oquations (3) and (4) is the
theoretical value. That rccorded by a thermomoctor is some
fraction of thile value. Tests in clear air show that, on
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the C—46 airplane, the effective value of At for the ther—
mometor .is .0.8At theoretical. In conditions of 1icing, 1t
has to be aspsumed that this value holds, even when there 1is
a large plece of 1ce on the forward end of the thermometer
tubo such as collects after prolonged flight,

RExample
The method of calculation will be i1llustrated by an

example from obgservations taken on flight 65, run 1., The
following were observed:

Temperature of dew point, 30.3o iy

Temperature of air, 27.1°.7

Indicated airspeed, 170 miles per hour

Pressure altitude, 3900 feet (660 mm Hg)
From these observations

£ - o0.93

Po

and

true spsesed 177 miles per hour

From equation (3)

a
C.24 177 o
t = 1.77 x X =3.7°F
a 0.261 100)

Effoctive At = 3.7 X 0.8 = 2,9° F
Static air temperature = 27.1 — 2.9 = 24.2° ¥
Yapor pressure (saturafed) at 24.2° 1
(ep) = 3.31 millimeters of mercury
Vapor pressure (saturated) at 30.3° F

(e,) = 4,37 millimeters of meroury
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From vhich

(0y,-0,) = 0,96 millimeter of mercury

From equation (1)

n = 0.63% X Q-_9°§

= 0,.00091 gram per gran

and from (2)

n = 1,03 grams per cublc metor

As a mattor of interest, the amount of water evaperated
by kinetic heating will be calculated. The theoretical
value of At, 3.7° ¥ 4in thiec example, will occur on the
leading ovdge of the wing and other parts of the airplane.
The kinetic temperature of these parts will be 27.9° ¥ and
vapor pressure 3.86 millireters of mercury. The increase
in vapor pressure, from that at static alr temperature, is
0.65 millimeter of mercury which corrosponds to the evapo—
ration of 0,59 grum ef water por cubic meter of air. The
amount docroasos with tomporaturc in proportion to the de—
creaso in saturated vapor pressurc with temperature.

RESULTS

A soluctlon froom tho conpiduradle rnumber of observa—
tlons has heon mado priuarily with o view of showing the
conditiong in which tcsts of the thermal system of the (—46
ailrplano were conducted, and when possible, the constancy
or otherwise of these conditions. The results are given in
tadle I, Included in thic table are the temmeratures of the
surface of the wing measured at the leadirg edge of station
169 for convonlonco of reference in the report on the analy—
8ls of the thermal aystem of the C—46 (reference 2). These
temperntures were taken with a surface—type thermocoupls.

The resulte of measurements, from ground level up
through a layer of cloud, are shown graphically on a peseudo—
adlabatic dingram in figure 2.
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- DISCUSSION

The value of concentration of free water in the table
ls given to the nearest hundredth of a gram per cubic meter.
This precislon 1s quite unwarrented by the accuracy of the
method of measurement, but 1t shows the steadlness of con-—
dltions during e particuler run, and 1s valuable, in certain
circumsetances,; in demonstrating the effect of a small change
in conditlons.

Measurement of Dew Point

It i difficult to assess the accuracy with which ob—
servatlons are made in flight. In favorable conditions the
dew point could be measured, it is belioved, to wlithin
+0.2° ¥, The possibility of systematic orror, from leakago
of exhaust gae 1into the alr in the heat oxchanger, was
chocked from time to time by measuring, in cleer air, both
the dew point of the hot alr in tho mein duct and that drawn
direct from outaside the fuselage. The variation was within
that norrally observed in alr drawn from the same source.
The most criticol observation of this charactsr was a dew
point of —41° T at 10,000 feot on flight 60 with air at
13.3° . This was messured with alr drawn from the duct; the
change to ~43° T on changing to the external tube 1is lnsig—
nificant.

Alr Temperature

The temperature of the alr outslde the fuselage wes
read to *0.1° F, but the actual temperature 1s known with
conslderably less precision thar this would imply. ZFrost--
ing of tho stem of the thermometer was of regular occurrenco,
and while the buld could not be secn, it 1s probadle that
frost formed also on this. Whille frost is forming, a tem—
perature atove correct will be reglstered. Thie 1s the
disadvantage of having open the onds of the tube scroening
the thermometer. 4An advantage is that the kinetic tempera—
ture rise At 1s definitely that for wet air. With the
forward end plugged, the value of At will be, presumably,
eomewhere between the values for wet end for dry air. Exact—
ness In the value of At 1s not so ilmportant as might bde
expected, Thle has been shown by repeating some of the cal-
culationes with At as for dry -air. In the worst case,
where the temporature 1s high, the value for concentration
of free water 1is increased by 0.2 gram per cubic meter.

-~
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In cLhanging conditions, lag in response of the thermom—
eter will cause an error of uncertain magnitude. A thermom—
eter of tho roesistance or thermocouple type should be used,
it 1s belleved, snd comparative teste ahould be made with
difrerent typas of shield. .

Error in Sampling

The magnitude of the error in sampling, produced by de—
flection of the droplets of water prior to vaporilszation,
has not been determined with certainty. Before reaching the
heat exchanger the concentration of free water 1is_ decreased
slightly by precipitation onto the propeller, is increased
by deflection round the cowl of the englne, and is docreased,
finally, by deflection at the entry to tho hoat exchanger.
Tho entry has an area of 0,32 squere foot, and the veloclty
on entry ls about one-elghth the velocity of flight.

The error in sampling can be determined dy measurenment
in a cloud of the type which has formed =s 2 result of
adiabatlc cooling, with no mixing by convectional or other
procoss. In this type of cloud it 1as possible to predict,
from the pseudo-sdianbatic diangram, tho grrdlent both of
temperature and concentration of freuv water.

Those conditlions wors encountered, 1t appears, 1mmedl-—
ately after take—off in fiight 60. The record is imperfect,
ags 1t has been necessary to estimate alrspeed and to 1ln—
terpolate the height at which two sets of observatlons were
made. In this, it is assumed that & normal steady climd was
made., Tho results are plotted in figure 2 and are gilven
also in table I.

Starting with the temperature at ground level, observed
while taxiing, the temperatures observed in flight are al--
most exnctly those prcdictoed by assuxing dry—adladbatic ex—
pansion to the base of the cloud and wet—adiabatlc through
the cloud. The base of the cloud occurs at the point of
intorscotlion of the linvs of tomperature of the alr and of
the dew point., Tho agreement between the temperatures pro—
dicted and those observed indicates that there 1s no mixing
of the alr, 'either in or below the cloud. In these circum—
stances, the total water content (i.e., vapor plus free
water) should not change with height. The temperature of
the dow point, therefore, should follow the line of constant
total water on the dlagram. In the cloud at 3600 feet, the
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,4ew point predicted, from that measured in clear alr below
“the eloud, should be 16.6° F; whereas, it was found by meas—
urement to be 16.,2° . These correspond to concentrations

of free water of 0,32 and 0.40 gram per cubic meter, re-—
spectively. How much of this difference may be ascribed to
errors, both of observation and estimation, and how much to
deflection of the droplets, is not known. The agreement 1s
suffliclently close to warrant the conclusion that the con—
centration of free water, as glven in table I, is not greatly
above the true value,

Reduction in Severity of Icing by Kinetic Heating

This report would be incomplete without some mention
of the response of the heated wing of the airplane to dif-
%erent concentrations of free water, since this 1llustrates
the physical reallity of the evaporative effect of kinetic
heating. 4An snalysils of the heated wilng is the subject of
& separate report (reference 2).

The effect of kinetic heating in wet air is discuesed
in reference 6, principally in terme of the temperature of
thoe surface. The offect 1in reducing the severity of 1icing,
by evaporation of water before it strikes, recelves no em—
phasis, It was not known how far, in reality, the droplets
of water would respond to the rapld change in temperature
on approach to the surface, or how far the advantage of
evaporation might be nullified by an increase in concentra—
tior of water by deflection round the leading—edge sections.

The tests of the C—46 ailrplane 1in conditions of lcing
have shown that the severity of conditions 1is redunced sub—
stantially by the effect of kinetlc heating. TFor instance,
on flight 64 with the thermal system in operation, the lead—
ing edge of the wing was observed to be gquilte dry and theo
temperature of the surface was identical with that in clear
elr at the same temperature; this with free water from 0.4
to C.6 gram per cubic meter.

The temperature of the heated surface of the wing is
extremely sensitive to the impact of water owing to the
cooling effect of evaporation. For instance, with air at
29° ¥, the temperature of the surface in the vicinity of the
leading edge falls from 134° to 81° F, as the surface passes
from the condition when no water reaches it to the condition
when 1t 1s Just wet. The quantity of water required Jjust to
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wet the surface (in addition to that required to saturate
the boundary—layer air at the kinetic temperaturc) is found
by caloulation to be equivalent to 0.14 gram per cublc meter
for 10p (107 ° meter) droplets. The break in temperature 1is
shown by observations on flight 656 (table I). The 1limit of
evaporatlion by kinetlc heating ils approached at 2:02 to 2:07
hours, with free water 0.8 gram per cubic meter, and at 3:06
hours the temperature of the surface shows that 1t 1s Just
wvotted with free water at 0.96 grem per cuble meter. Theo—
retically, 0.6 gram per cubloc meter should be evaporated by
kinetic heating on both of these occasions. The concentra—
tion of water at which the surface becomes wet seems to de—~
pend upon tho size of droplets in the cloud. The eize in
flights 64 and 65 was estimated to be S5p to 10p diameter.

In flight 59, when the sise was larger, the wing was dry at
0.4 gram per cubic meter and jJust wet at 0.5 gram per cublec
meter. It appears that the larger drops may have bdbroken
through to the surface, leaving the alr saturated only 1in
part.

Clearly it 1s impossible to calculate with any cer—
talnty the concentration of free weter in cloud from the
tenperature of the surface of a heated body, but it 1s
possiblo to calculate the rate at which water reanches the
surfaco. This 1s precisely the information which 1s re—
quired irn the design either of thermal or chemical systoms
for preventing the formation of 1ice.

The Effect of Depth of Cloud on Severity of Izing

It 1s common experience to find that the most severe
conditions of icing occur jJjust bPelow the top of 2 cloud.
The reezson for this is tkat the concentration of free water
increases as the temperature decreases wilith increase in
height. This 18 shown clearly by the observatlions taken
on flight 60 (fiz. 2). The same genernl effect is shown by
those taken on flight 64 (fig. 2). In the latter case, the
structure of the cloud 1ls complex, and 1s not accurately
portrayod on a pseudo—adlabatic diagram, as the observa—
tions were token mrlong an obligque path and there 1s evidence
of variation in the composition of the cloud in a horizontal
direction,
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CONCLUS IONS

Tho weakness of the method used for determining the con—
centratlion of fres water in cloud is the uncertainty as to
the static temperature of the air in the cloud, and the un—
cortainty as to the magnitude of the error in sampling. The
error in sanpling can be reduced to0 negligible proportions,
it 18 belileved, by using a especlal entry for the alr, by
mounting this in a position free from disturbanco, and dy
taking 1n alr at the same volocity as that of flight. The
determination of the static temperature of the alr remains
a problem,

The values for the concontration of free water given in
thls roport are believod to be slightly greater than those
actually encountered. They are of valuo principally in that
they show the varistion in condltions botween different tests
of the thermel system of protection agalnst ice, and they
allow the performarce of the system under conditions of icing
to be analyzed.

Anos Aoronautical Laboratory,
National Advisory Comnittee for Aoronautics,
Moffett Field, Calif.
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